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SUMMARY

Extensive tracts of the mammalian genome that lack
protein-coding function are still transcribed into long
noncoding RNA. While these lncRNAs are generally
short lived, length restricted, and non-polyadeny-
lated, how their expression is distinguished from
protein-coding genes remains enigmatic. Surpris-
ingly, depletion of the ubiquitous Pol-II-associated
transcription elongation factor SPT6 promotes a
redistribution of H3K36me3 histone marks from
active protein coding to lncRNA genes, which corre-
lates with increased lncRNA transcription. SPT6
knockdown also impairs the recruitment of the Inte-
grator complex to chromatin, which results in a tran-
scriptional termination defect for lncRNA genes. This
leads to the formation of extended, polyadenylated
lncRNAs that are both chromatin restricted and
form increased levels of RNA:DNA hybrid (R-loops)
that are associated with DNA damage. Additionally,
these deregulated lncRNAs overlap with DNA repli-
cation origins leading to localized DNA replication
stress and a cellular senescence phenotype. Overall,
our results underline the importance of restricting
lncRNA expression.

INTRODUCTION

RNA polymerase II (Pol II) transcribes much of the eukaryotic

genome, dividing its activity between protein-coding genes

and several classes of long noncoding RNA (lncRNA). These

include long intergenic noncoding RNA (lincRNA), antisense pro-

moter upstream transcripts (PROMPTs), and bidirectional

enhancer-associated transcripts or enhancer RNA (eRNA)

(St Laurent et al., 2015). Both lncRNA and pre-mRNA transcrip-

tion units (TUs) are subject to co-transcriptional processing by

50 capping enzymes, the spliceosome, and the 30 cleavage and

polyadenylation (CPA) complex. However, splicing and CPA
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are inefficient for lncRNAs (Mukherjee et al., 2017; Schlackow

et al., 2017) leading to their rapid degradation by the nuclear exo-

some. In effect, functional lncRNAmust escape this degradation

process. Possibly tissue-specific RNA binding factors act to pro-

tect and stabilize functional lncRNA (Schlackow et al., 2017). The

reduced efficiency of lncRNA co-transcriptional processing

likely correlates with reduced phosphorylation of elongating

Pol II on its C-terminal domain (CTD) especially the splicing asso-

ciated S5P and 30 end-associated T4P modifications.

Some classes of lncRNA such as PROMPTs are transcribed

from bidirectional promoters of protein-coding genes, although

not all Pol II promoter regions display such bidirectionality.

Several mechanisms act to restrict divergent transcription. In

general, well-defined upstream cis-elements of promoters

such as the TATA box provide an important determinant of uni-

directional promoters. Notably, CpG-rich promoters that lack

TATA boxes are often a feature of bidirectional promoters in

the mammalian genome (Sandelin et al., 2007). Also, nucleo-

some remodeling and associated alterations in histonemodifica-

tion can restrict antisense transcription (Marquardt et al., 2014;

Whitehouse et al., 2007). Another numerous class of divergent

transcription derives from transcriptional enhancer elements

(Li et al., 2016). In view of the abundance and tissue specificity

of enhancers, including clustered, or so-called super enhancers,

eRNAs are both widespread and often cell type specific (Li et al.,

2016). As with other lncRNA classes, eRNAs are inefficiently

spliced and in general lack consensus splicing signals (Ander-

sson et al., 2014).

The Pol II termination mechanism for lncRNA genes also ap-

pears to be distinct from protein-coding genes, even though

computational and 30 RNA sequencing (RNA-seq) analyses do

identify functional polyadenylation signals (PASs) on lncRNA

genes (Ulitsky and Bartel, 2013). Formost lincRNA, nascent tran-

script analysis as measured by mammalian native elongating

transcript sequencing (mNET-seq) implies a PAS-independent

termination mechanism (Schlackow et al., 2017). Instead, for

PROMPTs, it has been suggested that they are prematurely

terminated by cryptic PAS (Almada et al., 2013; Ntini et al.,

2013). While such PASs are also present throughout protein-

coding genes, these are normally blocked by splicing signals

and in particular by U1 small nuclear RNA (snRNA) (Kaida
hors. Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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et al., 2010). Notably, splice sites are more common in pre-

mRNA than lncRNA transcripts, which favor full-length pre-

mRNA synthesis. However, short promoter-proximal transcripts

on the sense strand can still be terminated by premature polya-

denylation (Chiu et al., 2018). eRNAs have also been ascribed a

specific terminationmechanism involving the Integrator complex

(Lai et al., 2015). This multimeric protein possesses components

with homology to CPA and especially CPSF73, the endonu-

clease required for mRNA 30 end processing (Baillat andWagner,

2015). Likely eRNA termination is also associated with co-tran-

scriptional 30 end processing, coupled to RNA degradation.

As outlined above, lncRNA gene expression displays specific

transcription and processing features that distinguishes it from

protein-coding genes. Since both transcript classes are tran-

scribed by Pol II, it is unclear how lncRNAs are selected for a

different gene expression outcome to protein-coding genes.

Initially, we compared nascent RNA generated from bidirectional

promoters and its histone modifications. As expected, the his-

tone mark H3K36me3 is enriched over protein-coding gene

TUs, compared to PROMPTs and enhancers. Notably, we find

that the elongation factor SPT6, which is required both for

escape of Pol II from promoter pausing (Vos et al., 2018) and

subsequent elongation (Endoh et al., 2004), plays a key role in

defining protein-coding gene TUs and in restricting lncRNA tran-

scription. Thus, depletion of SPT6 activates and extends

lncRNA, and this deregulated Pol II leads to molecular collisions

with the DNA replisome in intergenic regions. Also, these

elevated, aberrant lncRNAs anneal to the DNA template forming

R-loop structures that in turn induce DNA damage. Overall, this

perturbation of lncRNA expression leads to cell-cycle arrest and

senescence, which underlines the critical importance of restrict-

ing lncRNA expression.

RESULTS

H3K36me3 Is a Predominant Histone Mark for Protein-
Coding Genes
We have combined chromatin-associated RNA sequencing

(ChrRNA-seq) with specific Pol II isoform-associated RNA

sequencing (mNET-seq) to highlight differences between pro-

tein-coding and lncRNA gene expression (Nojima et al., 2015;

Schlackow et al., 2017). This led us to hypothesize that the

Pol II machinery and its underlying chromatin template differ be-

tween these two transcript types. We first examined histone

modification profiles by adapting our mNET-seq procedure to

directly compare nucleosome profiles (mono nucleosome DNA-

sequencing [mNuc-seq]; Figure 1A) with mNET-seq. In mNuc-

seq, chromatin DNA fragmented by micrococcal nuclease

(MNase) is precipitated by histone-specific antibodies followed

by selection of mononucleosome-sized DNA fragments and

sequencing (Figure S1A). This provides genome-wide nucleo-

some profiles that can be exactly correlated with nascent tran-

script mapping by mNET-seq. Using an H3K4me3 antibody,

mNuc-seq produced positioned nucleosome profiles at the tran-

scription start site (TSS) of PRPF38B at higher resolution than

previously published chromatin immunoprecipitation sequencing

(ChIP-seq) profiles (Figure 1B). Note the clear nucleosome-

depleted region (NDR) between the TSS of PRPF38B and
its PROMPT. Meta-analysis of mNET-seq versus mNuc-seq/

H3K4me3 shows that Pol II pausing at the TSS positively corre-

lates with nucleosomes at �1 and +1 positions (Figure 1C).

Next, we compared the genomic profiles of mNuc-seq using

antibodies specific for H3K27me3, H3K36me3, H3K4me1, and

H3K4me3. Analysis of the genes YWHAZ (Figure 1D) and in a

wider genomic context WIP12 (Figure S1B) shows a number of

predicted patterns of chromatin marks (Bannister and Kouzar-

ides, 2011) that we can now closely correlate with mNET-seq.

The WIPI2 TU is defined at its TSS by a mNET-seq/total Pol II

peak and its transcription end site (TES) by high termination-spe-

cific mNET-seq/T4P reads. Notably, the H3K36me3 signal is

specific for WIPI2 TU with chromatin outside the TU enriched

instead for H3K27me3 marks (Figure S1B). All the mNuc-seq

libraries described in this study were reproduced and show clear

anti-correlation between H3K36me3 and H3K27me3 (Fig-

ure S1C). H3K4me1 and H3K4me3 chromatin marks are well

known to correlate with poised enhancers and active promoters

respectively (Calo and Wysocka, 2013). Across the YWHAZ and

WIP12 loci, we observe H3K4me3 at promoters, while H3K4me1

chromatin mark appears less specific but may correlate with

potential enhancer regions (Figures 1D and S1B). We also car-

ried out statistical analysis of these various histone marks with

or without Pol II (mNET-seq) normalization across the HeLa cell

genome (Figures 1E and S1D). Notably, H3K36me3 is exclusive

to protein-coding genes with introns andmRNA-like lincRNA but

absent or at low levels on protein-coding genes without introns

and all other categories of lncRNA (Figure S1E). Overall, this

high-resolution methodology for the correlation of histone marks

with nascent transcription (i.e., comparing mNET-seq with

mNuc-seq) underlines the exclusive presence of H3K36me3

marks over most protein-coding but not lncRNA TUs. This led

us to investigate whether this mark defines the difference be-

tween protein-coding and lncRNA gene expression.

SPT6 Selectively Recruits H3K36me3 to Protein-
Coding Genes
We have recently adapted our mNET-seq technique, which se-

quences Pol II immunoprecipitated (IPed) RNA to develop

mNET-MS analysis that identifies (by mass spectroscopy or

MS) proteins interacting with each phospho-CTD-specific Pol II

isoform. Using this method, we showed that the phospho-

serine 5 (S5P) CTD isoform of Pol II specifically recruits the cat-

alytic spliceosome (Nojima et al., 2018). Interestingly, we also

detected SPT6 as strongly associated with Pol II, independent

of the CTD phosphorylation state. Yeast SPT6 has been shown

to interact with histone H3 (Bortvin and Winston, 1996) and

also with Pol II machinery through association of its SH2 domain

with the Pol II Rpb1 linker sequence that connects the CTD to the

main globular enzyme (Sdano et al., 2017). This later association

has been reaffirmed by cryoelectron microscopy (cryo-EM) anal-

ysis of in vitro reconstituted early elongation complexes (Vos

et al., 2018). Importantly, SPT6 has also been strongly implicated

in the deposition of H3K36me3 in yeast (DeGennaro et al., 2013)

and interacts with IWS1, which associates with H3K36 methyl-

transferase SETD2 in human cells (Yoh et al., 2008).

To confirm the role of human SPT6 in maintaining H3K36me3

marks over protein-coding genes, we depleted SPT6 protein
Molecular Cell 72, 970–984, December 20, 2018 971
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Figure 1. mNuc-seq Identifies H3K36me3 as a Predominant Mark for Protein-Coding Genes

(A) ChrRNA-seq, mNET-seq, andmNuc-seqmethodology. Nucleic acid, protected by the Pol II complex andmononucleosomes, is immunoprecipitated by Pol II

or histone antibodies followed by sequencing.

(B) PRPF38B TSS showing mNET-seq/total CTD, mNuc-seq/H3K4me3, and ChIP-seq/H3K4me3 (ENCODE) profiles. Bracketed numbers denote read density

(fragments per kilobase of transcript per million mapped reads [FPKM]). TSS-associated nucleosomes are indicated.

(C) Meta-analysis of reads density for mNET-seq/total CTD (green) versus mNuc-seq/H3K4me3 (purple) signals at TSS (top, –/+2 kb; bottom; –/+ 0.5 kb) of pre-

mRNA genes.

(D) YWHAZ TSS-aligned ChrRNA-seq, mNET-seq/total CTD profiles versus mNuc-seq using indicated histone antibodies. Input signal is at bottom.

(E) Box plots of mNET-seq/total CTD and mNuc-seq signals at TSS (–/+3 kb) of pre-mRNA genes and associated PROMPTs.

See also Figure S1.
levels in HeLa cells using small interfering RNAs (siRNAs) as

shown by western blots of both whole-cell and chromatin frac-

tions (Figure 2A). Notably, SPT6 depletion does not affect levels

of Pol II CTD S5P or S2P. Next, we performed mNuc-seq for

H3K36me3 on protein-coding and lncRNA genes with or without
972 Molecular Cell 72, 970–984, December 20, 2018
SPT6 depletion (Figures 2B and S2A). As expected following

SPT6 depletion, levels of H3K36me3 normalized to H3 (Fig-

ure 2B) or input (Figure S2B) specifically decreased on protein-

coding genes (labeled Pre-mRNAs) associated with divergent

TUs and non-overlapped protein-coding genes. It should be
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Figure 2. SPT6 Depletion Causes H3K36me3 Redistribution

(A) Western blots with indicated antibodies 60 hr post-siSPT6 transfection (versus siLuc nonspecific control). EXOSC3 and H3 profiles shown as loading controls.

(B) Meta-analysis of reads density (FPKM) for ratio of mNuc-seq/H3K36me3 with H3 at TSS of divergent PROMPT-pre-mRNA and enhancer RNA (eRNA)

following SPT6 depletion. All subsequent transcription images employing siSPT6 versus siLuc are shown in red and blue, respectively.

(C) Scatterplots of H3K36me3/H3 on pre-mRNA (0 to +3 kb), PROMPT (�3 kb to 0), and eRNA (�3 kb to +3 kb) regions in siLuc versus siSPT6. The percentage of

upregulated regions by SPT6 depletion are indicated.

(D) Boxplots of mNuc-seq/H3K36me3 ratio across pre-mRNA gene bodies, PROMPTs (3 kb from TSS), and eRNA (2 kb from center) and across lincRNA gene

bodies.

(E) Model of redistributed H3K36me3 marks caused by SPT6 depletion.

See also Figure S2.
noted that H3 is detectible over TSS regions despite nucleosome

depletion. Chromatin is only partially digested by MNase in our

mNuc-seq protocol so that histone signals are still detectible

over NDRs (Mieczkowski et al., 2016; Voong et al., 2016).

Surprisingly SPT6 depletion had the opposite effect on lncRNA

such as PROMPTs and eRNA as shown by metagene and

scatterplot analysis where H3K36me3 signals increase (Figures

2B and 2C). Quantification of the mNuc-seq signal ratio of

H3K36me3 IP to input or H3 also normalized with Pol II levels in-

dicates that SPT6 depletion causes loss of H3K36me3 mark on

protein-coding genes, but a gain of this mark on lncRNA genes

such as PROMPTs, eRNA, and lincRNA (Figures 2D and S2C–

S2E). Overall, our mNuc-seq data show that SPT6 plays a critical

role in defining the specificity of H3K36me3 between pre-mRNA

and lncRNA genes (Figure 2E).
SPT6 Depletion Induces lncRNA Transcription
Wenextmeasured nascent transcript levels with or without SPT6

depletion for both chromatin-bound RNA (ChrRNA) and Pol-II-

associated RNA (mNET-seq). For mNET-seq, we used total

and phospho Thr4 (T4P) CTD antibodies as the later profiles

correlate with transcriptional termination for protein-coding

genes but are spread across the whole TU of lincRNA genes

(Schlackow et al., 2017). We initially analyzed the transcription

profile of YWHAZ, a divergent TU (PROMPT-pre-mRNA) (Fig-

ure 3A, – strand). Following SPT6 depletion, ChrRNA-seq and

mNET-seq signals are reduced near the YWHAZ TU 30 end

(TES) indicative of a transcription elongation defect. Meta-anal-

ysis of ChrRNA-seq signals for protein-coding genes, including

both divergent (pre-mRNA-pre-mRNA) and non-overlapping

also show clear elongation defects for SPT6-depleted cells. In
Molecular Cell 72, 970–984, December 20, 2018 973
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Figure 3. SPT6 Depletion Induces lncRNA Transcription

(A) YWHAZ locus showing pre-mRNA (– strand) and PROMPT (+ strand). SPT6 depletion induced lncRNA as shown by ChRNA-seq andmNET-seq analyses. The

profile of mNuc-seq/H3K36me3 is shown below.

(B) Meta-analysis of strand-specific ChrRNA-seq signals from �3 kb of TSS to +3 kb of transcription end site (TES) for divergent (pre-mRNA-PROMPT) genes.

(C) Boxplots of PROMPT mNET-seq/total CTD and T4P signals.

(D) Enhancer located 90 kb downstream of NR4A1 gene with neighboring gene ATG101 showing SPT6 depletion-induced eRNA by ChRNA-seq and mNET-seq.

mNuc-seq/H3K4me1 and H3K4me3 signals indicate active enhancer and promoter, respectively.

(E) Meta-analysis of eRNA from ChrRNA-seq and mNET-seq (Total) �3 kb to +3 kb from TSS (enhancers with highest eRNA levels selected).

(legend continued on next page)
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addition,meta-analyses ofmNET-seq signals detectsmore Pol II

near TSS, but less from gene body to TES in the depleted cells

again consistent with an elongation defect (Figures 3B and

S3A–S3C). SPT6 depletion also shows that T4P marks are

significantly enriched within 3 kb of the TSSs of protein-coding

genes (Figure S3D). These results indicate that the depletion of

SPT6 induces transcription elongation defects and premature

termination.

An opposite effect is apparent for lncRNA following SPT6

depletion. Thus, levels of YWHAZ PROMPT substantially in-

crease following knockdown of SPT6 protein as demonstrated

by ChrRNA-seq and mNET-seq profiles (Figure 3A, + strand).

Furthermore, meta-profiles of ChrRNA-seq signals (Figure 3B)

and the quantification of mNET-seq/total Pol II and T4P signals

(Figure 3C) confirm this generality of enhanced lncRNA tran-

scription. Notably, transcription levels of other lncRNA classes

such as eRNA and lincRNA similarly increase after SPT6 deple-

tion (Figures 3D–3F and S3E–S3H). In particular, the enhancer

sequence 90 kb downstream of NR4A1 (Figure 3D) is defined

by a high H3K4me1 signature (based on mNuc-seq). Bidirec-

tional eRNAs are evident for this enhancer as judged by

ChrRNA-seq and mNET-seq (with both total and T4P-specific

Pol II antibodies). Notably, with each nascent transcriptional

analysis, SPT6 depletion causes a substantial transcript in-

crease in both eRNA orientations. In contrast, the minority

mRNA-like lincRNA show decreased transcriptional elongation

similarly to pre-mRNA (Figures S3I and S3J). Overall our findings

that SPT6 depletion oppositely affects protein-coding and

lncRNA genes indicate that this protein plays a pivotal role in

defining Pol II TUs across the human genome. Thus, SPT6 favors

expression of productive pre-mRNA over non-productive

lncRNA.

We examined whether histone methyltransferase SETD2 is

involved in lncRNA induction in SPT6-depeleted cells since

SPT6 depletion redistributed H3K36me3 modification onto

lncRNA regions. SETD2 knockout (KO) U2OS cells (Pfister

et al., 2014) were SPT6 depleted, and SETD2, SPT6, and

H3K36me3 protein levels were assessed by western blot (Fig-

ure 3G). Interestingly, qRT-PCR analysis shows that SETD2 KO

does not affect the lncRNA induction caused by SPT6 depletion

(Figure 3H). This suggests that SETD2 is not needed for lncRNA

induction. A faint H3K36me3 level can still be detected in SETD2

KO cells, implying the existence of another methyltransferase for

H3K36me3 in human cells.

Extended lncRNAs Induced by SPT6 Depletion Are
Chromatin Restricted
We next tested whether SPT6-induced lncRNAs are released

into the nucleoplasm or remain chromatin associated. The

YWHAZ PROMPT significantly increases in the chromatin but

not in the nucleoplasmic fractions, following SPT6 knockdown

(Figure 4A). Meta-profiles of chromatin and nucleoplasm RNA-

seq datasets show that lncRNAs induced by SPT6 depletion
(F) Boxplots of eRNA mNET-seq/total CTD and T4P signals at TSS (–/+2 kb).

(G and H) Western blot (G) and quantitative RT-PCR (H) of chromatin-bound

transfection for 48 hr. Data are represented as mean ± SEM.

See also Figure S3.
are retained in the chromatin fraction (Figure 4B). Remarkably,

inactivation of the exosome shows the opposite effect. Thus,

depletion of EXOSC3 (a core component of this complex,

labeled EX3 in figure) causes no change to the levels of the

YWHAZ PROMPT in chromatin but a marked accumulation in

the nucleoplasm as confirmed by meta-analysis. We also per-

formed a quantitative analysis of these effects, genome-wide

by calculating the chromatin retention index for PROMPTs

following either SPT6 or EXOSC3 depletion (Figure 4C). Notably,

SPT6 depletion increases their chromatin retention index, while

EXOSC3 depletion reduces this index.

PROMPTs are normally short transcripts in the range of 0.5–1

kb, and, in particular, exosome depletion causes their nucleo-

plasmic accumulation, as seen for the YWHAZ PROMPT (Fig-

ure 4A). Notably, SPT6 depletion not only causes chromatin-

specific accumulation of this PROMPT, but also a substantial

extension of this normally short transcript to a much longer

>20 kb RNA. This is especially evident in the transcript profile

seen with mNET-seq/T4P termination. For protein-coding

genes, this profile is normally termination centric, but instead

for YWHAZ PROMPT it is spread across the whole lncRNA TU

(Schlackow et al., 2017) (Figure 4D). We also tested whether

this highly extended and nuclear restricted lncRNA is polyadeny-

lated. We show by both 30 RNA-seq, which detects polyadeny-

lated 30 ends, and poly(A)+ RNA-seq that these RNAs are indeed

polyadenylated (Figure 4D), presumably through recognition by

CPA that is normally restricted to protein-coding gene tran-

scripts. Quantitation of the effect of SPT6 depletion on lncRNA

polyadenylation more generally shows a significant increase in

polyadenylated 30 ends for both PROMPTs and eRNA (Figures

4E and 4F). This double effect on both chromatin transcript accu-

mulation and 30 extension of lncRNA is particularly notable for the

MYC locus (Figure S4A). While the short MYC TU are relatively

unaffected by SPT6 or EXOC3 depletion in either chromatin or

nuclear analyses, the antisense PROMPT is drastically altered

both in size and amount. Thus, theMYC PROMPT was activated

over 20-fold and extended for over 100 kb in the chromatin

fraction. This suggests that SPT6 depletion induces lncRNA

transcription and also disrupts the transcription termination.

The extensive MYC PROMPT is also detectible using mNET-

seq T4P and is polyadenylated with the activation of multiple

PASs. This suggests that the �150 kbMYC PROMPT is discon-

tinuous. The same effect is detected in enhancers (Figure 4F),

such as NR4A1 eRNA regions (Figure S4B). SPT6 depletion in-

duces and extends eRNA transcription on both sense and

antisense strands. Finally, deregulated eRNAs are polyadeny-

lated downstream of the RNA exosome-sensitive region, simi-

larly to PROMPTs.

SPT6 Recruits the Integrator Complex to Terminate
lncRNA Transcription
It is evident from our above results (Figures 3 and 4) that SPT6

depletion induces a general termination defect on lncRNA TUs.
RNA of parental and SETD2 CRISPR KO U2OS cells with indicated siRNA
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Figure 4. SPT6 Depletion Induces Extended, Chromatin-Restricted pA+ lncRNAs
(A) YWHAZ PROMPT profile for strand-specific ChrRNA-seq and NpRNA-seq with EX3 or SPT6 siRNA-mediated depletions.

(B) Meta-analysis of ratio of siEX3 or siSPT6 over siLuc in chromatin (up to 10 kb from TSS) and nucleoplasm (up to 5 kb from TSS) RNA fractions.

(C) Chromatin retention indices of PROMPTs (up to 5 kb from TSS) following siLuc, siEX3, or siSPT6 depletions.

(D) YWHAZ PROMPT profile with mNET-seq/T4P, 30 RNA-seq, and pA+ nuclear RNA-seq.

(E) Boxplot replicates of 30 RNA-seq at PROMPTs (10 kb from TSS) of divergent (PROMPT-pre-mRNA) genes.

(F) Boxplot of two replicates of 30 RNA-seq signals at eRNA regions (2 kb from center).

See also Figure S4.
A known player in lncRNA termination is the large Integrator

complex (Baillat and Wagner, 2015). This was first identified as

a termination complex associated with U snRNA genes (Baillat

et al., 2005) and has more recently also been associated with

eRNA transcriptional termination (Lai et al., 2015).

We tested the possibility that SPT6 plays a role in Integrator

recruitment to lncRNA genes by performing ChIP-seq using an

antibody against the INTS3 component of the Integrator on

HeLa cell chromatin with or without SPT6 depletion. As predicted,

significant peaks of INTS3 ChIP-seq signal are detected over

enhancer regions (generating bidirectional eRNA) that are sub-

stantially decreased following SPT6 depletion (Figure 5A). These

data are resonant with a recent study showing that SPT6 is re-

cruited to super enhancer regions in mouse embryonic stem cells

(ESCs) (Wang et al., 2017). We also detect INTS3 ChIP-seq peaks

over the TSS regions of divergent TUs (PROMPT-pre-mRNA),

which are reduced by SPT6 depletion (Figure 5B). These results

indicate that SPT6 is necessary to recruit this complex to lncRNA
976 Molecular Cell 72, 970–984, December 20, 2018
TSS. To further clarify these observations, we reanalyzed pub-

lished Pol II ChIP-seq data obtained for INTS11-depleted HeLa

cells (Figures 5C and 5D). As previously described, INTS11 deple-

tion caused an increase in TSS-associated Pol II for both eRNA.

We now describe the increase in PROMPT regions as well (Fig-

ure 5C). Notably, no effect of INTS11 depletion was observed

across the body of protein-coding genes TUs even though their

TSS peaks were affected. This is consistent with the proposed

role of the Integrator complex in NELF-mediated Pol II pausing

at the TSS of protein-coding genes (Stadelmayer et al., 2014).

Quantitation of Pol II ChIP-seq by measurement of Pol II occu-

pancy shows that INTS11 depletion significantly reduced the level

of Pol II termination over PROMPT and eRNA TUs (Figure 5D).

Overall, these molecular and bioinformatic analyses lead us to

propose the following model for lncRNA termination (Figure 5E).

In wild-type cells, SPT6 facilitates recruitment of The Integrator

complex to promote cleavage of lncRNA near their TSS. This gen-

erates short pA– lncRNA. In contrast in SPT6-depleted cells, Pol II
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Figure 5. SPT6 Depletion Reduces INTS3 Recruitment

(A) Left: meta-analysis of INT3 ChIP-seq at eRNA regions (±3 kb from center). Right: boxplot replicates of INT3 ChIP-seq over eRNA.

(B) Left: meta-analysis of INTS3 ChIP-seq of divergent (PROMPT-pre-mRNA) genes. Right: boxplot replicates of INT3 ChIP-seq on PROMPTs.

(C) Left: meta-analysis of Pol II ChIP-seq over eRNA (left) and divergent (PROMPT-pre-mRNA) genes (right) upon INTS11 depletion. Reanalyzed data are from

Stadelmayer et al. (2014).

(D) Boxplots of Pol II ChIP-seq signals upon INTS11 knockdown at pre-mRNA (whole annotated gene, n = 994), PROMPTs (3 kb from TSS, n = 994), and eRNA

regions (2 kb from center, n = 1,288).

(E) Model of lncRNA transcription termination in WT and SPT6-depleted cells. SPT6 recruits Integrator (INT) complex to terminate lncRNA transcription so

generating pA– lncRNA. Loss of SPT6 prevents INT recruitment, causing termination defects with extended pA+ lncRNA, utilizing cleavage and polyadenylation

(CPA) complex.
fails to recruit The Integrator complex, resulting in extended tran-

scripts that are ultimately processed by CPA at cryptic PAS. This

will result in the formation of polyadenylated transcripts coupled

with downstream termination.

lncRNA Induction by SPT6 Depletion Induces R-Loop
Accumulation
Our above results demonstrate that SPT6 depletion specifically

induces lncRNA transcription that is both substantially length

extended and chromatin restricted. A likely feature of such aber-

rant transcription is the induction of R-loop structures. These are

RNA:DNA hybrids caused by the nascent transcript invading the

DNA duplex behind elongating Pol II. This will result in displace-

ment of the non-template DNA strand as single strand (ss) DNA.

While R-loops play multiple roles in the modulation of gene
expression (Santos-Pereira and Aguilera, 2015), they may also

induce replication blocks due to the inability of the replication

fork to read across regions of extended R-loop structure (Ham-

perl et al., 2017). In addition, the ssDNA of R-loops is inherently

unstable. These combined features of R-loops can cause local-

ized DNA damage (Skourti-Stathaki and Proudfoot, 2014).

Although R-loops are potentially formed behind all elongating

Pol II, transcript packaging or processing and especially the

splicing complex may restrict their formation (Bonnet et al.,

2017). In contrast, lncRNAs are generally inefficiently spliced

(Schlackow et al., 2017) so that their transcripts may have a

higher tendency to generate R-loops.

We performed genome-wide analyses of R-loops from HeLa

cells with or without SPT6 depletion using a procedure involving

native genomic DNA isolation and fragmentation by sonication.
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Following immunoprecipitation with the RNA:DNA hybrid-

specific antibody S9.6 (Boguslawski et al., 1986), hybrid RNA

was cDNA amplified and sequenced to provide a strand-specific

genome-wide R-loop profile (S.M.T.W., S.D., and N.J.P., unpub-

lished data). We refer to this technology as RNA-DNA immuno-

precipitation (DIP) sequencing (RDIP-seq). For YWHAZ and

DUSP1, R-loop peaks were evident over their genic regions, as

is generally observed for mammalian protein-coding genes

(Ginno et al., 2013; Sanz et al., 2016), which were unaffected

by SPT6 depletion (Figures 6A and S5A). In contrast their

PROMPTs showed patches of R-loop signal over the enhanced

and extended lncRNA TUs following SPT6 depletion, but very

little signal prior to SPT6 depletion. Presumably, the discontin-

uous nature of these R-loop profiles reflects selective formation

and stabilities of different R-loop regions. The upstream

enhancer region of DUSP1 also showed selective R-loop forma-

tion (Figure S5A). Remarkably only the eRNA transcribing toward

DUSP1 displayed R-loop signals (at least within a 4-kb window),

and again these were greatly stimulated by SPT6 depletion. The

absence of detectible R-loops in the antisense direction reflects

an interesting specificity for this enhancer. In other cases, such

as the NR4A1 90-kb downstream enhancer, increased R-loops

signals were detected on both sense and antisense strands

following SPT6 depletion (Figure 6B). Importantly, most RDIP-

seq peaks were lost following RNase H treatment, and also the

RNase H sensitivity on individual candidate gene loci was vali-

dated by DIP-qPCR analysis. This indicates that our RDIP-seq

detects mainly R-loops, but not RNA species such as double-

strand RNAs (Figures S5B and S5C).

To illustrate the generality of lncRNA R-loop formation, we

show by Venn diagrams that the genome-wide signal distribution

of RDIP-seq was increased over intergenic regions following

SPT6 depletion, especially in upstream regions of protein-cod-

ing TUs (Figure 6C). This contrasts with the more abundant

R-loop signal over genic (especially exon) sequences, which

slightly decreased following SPT6 depletion. Overall, the induc-

tion of R-loops genome-wide following SPT6 depletion occurs

selectively on PROMPT and eRNA regions, but not on protein-

coding genes (Figures 6D).

SPT6 Depletion Induces DNA Damage and Cellular
Senescence
Our final evaluation of the consequences of SPT6 depletion on

the mammalian transcriptome led us to test for genetic and

cellular defects as R-loops are well known to promote DNA dam-

age. We therefore investigated the effect of SPT6 depletion on

the levels of the DNAdamagemarker g-H2AX (Turinetto andGia-

chino, 2015). Immunofluorescence analysis of HeLa cell nuclei

showed a 6-fold accumulation of g-H2AX foci indicative of

DNA damage in SPT6-depleted cells (Figure 6E). To further

extend these data, the distribution of g-H2AX on chromatin

following SPT6 depletion was established using ChIP-seq.

Notably, higher signals were obtained over PROMPT and

eRNA regions compared to protein-coding genes (Figure 6F).

To focus on positions where R-loop peaks accumulate following

SPT6 depletion, we compared the peak summits of RDIP-seq

and gH2AXChIP-seq signals on the lncRNA regions (Figure S5D)

with individual examples of gene loci (Figure S5E) and showed
978 Molecular Cell 72, 970–984, December 20, 2018
that they substantially overlap. This correlation for RDIP and

gH2AX signals holds true for both PROMPTs and eRNA. Note

that randomly selected genomic positions that lack R-loops

signals did not show gH2AX accumulation (Figure S5D).

Additionally, gH2AX foci induced by SPT6 depletion were signif-

icantly reduced in number and intensity by transient overexpres-

sion of GFP-RNase H1 (Figure S5F). Taken together, our results

demonstrate that SPT6 restricts lncRNA transcription from the

human genome and thereby prevents R-loop formation and

consequent DNA damage.

We observed above (Figures 3 andS3) that, while lncRNA tran-

scription is activated following SPT6 depletion, protein-coding

gene transcription appears to be reduced due to elongation

defects. However, we reasoned that while some protein-coding

genes should display reduced expression levels, genes associ-

ated with the DNA damage response might become activated

during the SPT6 depletion period. Such a response would be

necessary to counteract R-loop-induced DNA damage. To mea-

sure the effect of SPT6 depletion on the distribution of steady-

state mRNA, we performed differential expression sequencing

(DESeq2: [Love et al., 2014]) of pA+ nuclear RNA in SPT6-depe-

leted cells (Figure S6A). While the nuclear mRNA levels of most

protein-coding genes were unchanged during the 60-hr SPT6

depletion experiment, 1,716 mRNAs were downregulated,

including SPT6 (directly targeted by siRNA treatment). This

may reflect a class of mRNA with more rapid degradation ki-

netics. In contrast, 2,722 mRNAs were significantly upregulated

based on DESeq2 analysis (Table S1). In particular, the cyclin-

CDK inhibitor genes CDKN1A, CDKN1C, and CDKN2B were

upregulated at both transcriptional (Figures S6B) and protein

levels (Figure 7A). Note that transcription of many other genes

such as BRCA1 was downregulated following SPT6 depletion

(Figure S6B). P21 (CDKN1A) and P57 (CDKN1C) are important

for the cell-cycle transition from G1-S and G2-M (Besson et al.,

2008). Consistent with a cell-cycle defect, fluorescence-

activated cell sorting (FACS) of HeLa cells depleted for SPT6

(as compared to mock-treated with siLuc) showed reduced

cell numbers in S phase but more in G2. This indicates that

SPT6-depleted cells display G1-S and G2-M transition defects

(Figure S6C). In order to confirm that induction of lncRNA

transcription is an upstream event to cell-cycle arrest, we per-

formed a time-course experiment of SPT6 siRNA transfection,

measuring the levels of P21 and P57 proteins and a candidate

lncRNA at each time point by western blot and qRT-PCR,

respectively (Figures S6D and S6E). Reduced levels of SPT6

and induction of YWHAZ PROMPT were observed by 12 hr. In

contrast, the upregulation of P21 and P57 shows a slower kinetic

response, being strongly activated only after 36 hr of SPT6

depletion. This result suggests that deregulated lncRNA tran-

scription leads to cell-cycle arrest.

We noticed that SPT6-depleted cells display a larger and

flatter morphology, consistent with a senescence phenotype

(Figure 7B) (Muñoz-Espı́n and Serrano, 2014). Since senescent

cells display increased lysosome size, detectible by increased

b-galactosidase (b-gal) activity at pH 6.0 (Kurz et al., 2000), we

measured this with or without SPT6 depletion. Notably, SPT6-

depleted cells with b-gal staining were readily detectible by

microscopy, and increased b-gal activity was confirmed by cell
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Figure 6. SPT6 Depletion Induces R-Loops and DNA Damage over lncRNA

(A) YWHAZ pre-mRNA gene (– strand, black arrow) and the PROMPT (+ strand, green arrow) showing RNA-DNA immunoprecipitation (RDIP)-seq profiles

compared to ChrRNA-seq and mNET-seq/total CTD following SPT6 depletion.

(B) NR4A1 eRNA RDIP-seq profiles compared to ChrRNA-seq and mNET-seq/total.

(C) Pie charts of RDIP-seq signal distribution for all genomic-associated regions (normalized to size) of control and SPT6-depleted HeLa cells. Genic versus

Intergenic regions in inner layer. Exon and intron region of genic region and also upstream (<�2 kb from TSS), downstream (< +2 kb from TES), and distal (>�2 kb

from TSS and > +2 kb from TES) of intergenic region shown in outer layer.

(D) Left: quantification of RDIP-seq signals over pre-mRNA (< +3 kb from TSS, n = 994), PROMPT (< �3 kb from TSS), and at eRNA (–/+ 3 kb from TSS) regions.

Right: two replicates of RDIP-seq ratio of PROMPT and pre-mRNA regions.

(E) Left: immunofluorescence assay using anti gH2AX (green) in siLuc or siSPT6-transfected HeLa cells. DAPI (blue) for DNA staining. Right: gH2AX signal

intensity from five fields of ten cells. Data are represented as mean ± SEM.

(F) Left: boxplots of gH2AX ChIP-seq signals at eRNA regions (2 kb from the center). Right: boxplot ratios of PROMPT over pre-mRNA signals from gH2AX ChIP-

seq (3 kb from TSS).

See also Figure S5.
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Figure 7. SPT6 Depletion Induces DNA Replication Stress and Cellular Senescence

(A) Western blot of whole-cell extract using indicated antibodies, following HeLa cell SPT6 depletion. EXOSC3 is loading control.

(B) Microscopy of b-galactosidase staining cells (blue) and associated quantification of b-galactosidase staining cells with SPT6 or INTS11 depletions. Blue

arrowhead identifies b-gal positive cells.

(C) Western blot with indicated antibodies of engineered HeLa cells ± Tet-inducible V5-RNase H1 overexpression. After 4 hr siRNA transfection, fresh

media ±1 mg/mL tetracycline (Tet) was added and incubated for 16 hr.

(D) DIP-qPCR analysis of YWH2 pre-mRNA and PROMPT ± Tet induction of V5 RNase H1. Data are represented as mean ± SEM.

(legend continued on next page)
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sorting. Quantification of this activity indicated that INTS11

depletion increased b-gal to a lesser extent than depletion of

SPT6 (Figure 7B). This suggests that a solely termination defect

for lncRNA transcription caused by loss of the Integrator com-

plex is insufficient to arrest the cell cycle. In contrast, loss of

SPT6, which both enhanced lncRNA transcription and causes

loss of Integrator recruitment, does induce a significant cell-

cycle arrest (Figure 5). We elected to investigate the correlation

between R-loops and the cellular senescence phenotype in

HeLa cells, since RNase H overexpression reduced the levels

of DNA damage (Figure S5F). We therefore engineered a stable

HeLa cell line overexpressing RNase H1. Induction of tagged

V5-RNase H1 was detected by western blot (Figure 7C) corre-

latingwith an�60% loss of R-loop signal from candidate lncRNA

and pre-mRNA genes (Figure 7D). However, P21 levels were not

significantly suppressed by V5-RNase H1 overexpression (Fig-

ure 7C). Although R-loops promote DNA damage induced by

SPT6 depletion, a correlation between R-loops and cellular

senescence remains unclear since remaining R-loops following

RNase H1 overexpression may still be sufficient to induce P21

expression.

We describe in these studies the extensive induction of

lncRNA transcription following SPT6 depletion. This results in

increased levels of elongating Pol II in intergenic regions, a part

of the genome that is normally transcriptionally silent. Such

Pol II redistribution might lead to increased collision between

Pol II and the DNA replisome that could cause of the observed

DNA replication stress, DNA damage, and cellular senescence.

We next examined the potential effect of DNA replication on

the cellular senescence induced by SPT6 depletion by treating

siRNA-transfected HeLa cells with a DNA polymerase inhibitor

aphidicolin (APH). Notably, the senescence marker protein

P21, activated by SPT6 depletion was suppressed by APH (Fig-

ure 7E) suggesting that activation of cellular senescence by

SPT6 depletion is replication dependent. However, APH treat-

ment did not affect chromatin RNA levels of YWHAZ pre-

mRNA or PROMPT in SPT6-depleted cells (Figure 7F). The effect

of APH treatment on DNA replication was confirmed by FACS,

which showed a cell-cycle block in early S phase due to inhibi-

tion of nascent DNA synthesis in both control and SPT6-

depleted cells (Figure 7G). Our results therefore indicate that

DNA replication does indeed collide with deregulated Pol II

in S phase. In addition, b-gal activity was induced by SPT6

siRNA only after 48 hr (Figure 7H). This argues that cellular

senescence is a downstream event to the deregulation of
(E) Western blot with indicated antibodies of whole-cell extract from HeLa cells ±

(F) qRT-PCR of YWHAZ chromatin-bound RNA from cells as in (E). Data are rep

(G) FACS of HeLa cells (+/� SPT6 depletion). After 6 hr with siRNA DMSO (contro

(H) Quantification of b-galactosidase-stained cells treated with DMSOor APH. Top

Total was 24 hr. Bottom: siRNA transfection (24 hr) and then DMSO or APH add

(I) Left: meta-analysis of mNET-seq/total CTD in –/+ 2-kb regions from HeLa DN

signals over HeLa DNA replication origins.

(J) LincRNA LOC646626 gene loci (+ strand) as example of mNET-seq and ChrRN

shown below.

(K) Model: collision between Pol II and DNA replisome in SPT6-depleted cell. Pol

induced and extended lncRNA transcription in intergenic region causes deregula

and cellular senescence.

See also Figure S6 and Tables S1 and S2.
lncRNA, P21, and the cell cycle. As induction of b-gal activity

was significantly suppressed by APH (Figure 7H), this suggests

that SPT6 depletion induces cellular senescence in a replica-

tion-dependent manner.

We finally compared the positions of DNA replication origins in

HeLa cells with our mNET-seq data to look for a correlation be-

tween Pol II elongation and DNA replisome. Notably, most

constitutive origins map to intergenic regions in the HeLa cell

genome (Macheret andHalazonetis, 2018).WhilemNET-seq sig-

nals are very faint over intergenic DNA replication origin regions

of control HeLa cells, these significantly increase following SPT6

depletion (Figure 7I; Table S2). In detail, 74 and 865 origins are

located less that 100 kb away from a PROMPT or eRNA respec-

tively and about half of these origins overlap with extended

lncRNA induced by depletion of SPT6 (Figure S6F). It is evident

that eRNA are particularly prone to collision with replication ori-

gins following SPT6 depletion. Examples of lincRNA, PROMPTs,

and eRNA that overlap with replication origins following SPT6

depletion are presented (Figures 7J and S6G). Notably, mNET-

seq signals induced by SPT6 depletion overlap with a replication

origin in the promoter-associated lincRNA gene, LOC646626

(Figure 7J), and suggest that Pol II pauses at this position due

to collision with the DNA replisome. Overall, our results connect

intergenic transcription-replication conflict with DNA stress and

cellular senescence.

DISCUSSION

The widespread transcription of lncRNA across the human

genome remains a surprising discovery of modern transcrip-

tomic analysis. However, the expression of many lncRNAs

(except for mRNA-like lincRNA) is restricted, implying that their

accumulation may be deleterious to the cell. We now reveal a

molecular explanation for this phenomenon by showing that

SPT6 plays a pivotal role in the selectivity of protein-coding

gene expression. Most protein-coding genes display a transcrip-

tional elongation defect in SPT6-depleted cells as originally

defined inS. cerevisiae (Hartzog et al., 1998). This is likely caused

by defective recruitment of elongation factors. One such factor,

ISW1 directly interacts with SPT6 and helps recruit SETD2

the methyltransferase required for H3K36me3 formation (Yoh

et al., 2008). In contrast, in SPT6-depleted cells all major classes

of lncRNA, PROMPT, eRNA, and lincRNA (except for the mRNA-

like category), display enhanced nascent transcription levels

and generate extended transcripts due to loss of the Integrator
SPT6, +/� following 18 hr aphidicolin (APH) treatment.

resented as mean ± SEM.

l) or APH was added for 18 hr. Quantitation shown on the right is mean ± SEM.

: siRNA transfection (6 hr) and then DMSOor APH added and incubated (18 hr).

ed and incubated (24 hr). Total was 48 hr.

A replication origins (1 kb). Right: boxplots quantifying mNET-seq/total CTD

A-seq profiles over DNA replication origin. Magnified field of replication origin

II and DNA replisome are separated in wild-type cells. In SPT6-depleted cells,

ted Pol II collision with DNA replisome. R-loops may also cause DNA damage
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complex recruitment. It still remains unclear how the Integrator

complex is recruited by SPT6.

Previous analysis of SPT6 revealed that it is an essential and

ubiquitous protein conserved from yeast (Bortvin and Winston,

1996) to mammals. Interestingly, in human cell lines, UV irradia-

tion causes a Pol II elongation defect (Williamson et al., 2017)

reminiscent of SPT6 depletion. Indeed, UV treatment promotes

degradation of SPT6 via the ubiquitin-proteasome pathway

(Boeing et al., 2016). This suggests that SPT6 is likely to be at

least partially involved in the well-established UV-mediated

Pol II elongation defect. Additionally, knockdown of the protea-

some modulator PAAF1 induced SPT6 protein degradation

though ubiquitination, resulting in loss of Tat-mediated HIV-1

transcription (Nakamura et al., 2012). Exactly how SPT6 regu-

lates Pol II transcription activity on lncRNA genes remains

unclear. In yeast, SPT6 is thought to cooperate with the DRB-

sensitivity-inducing factor (DSIF) complex (SPT4 and SPT5)

sincemutations in all three genes show similar phenotypes (Hart-

zog et al., 1998; Swanson and Winston, 1992; Winston et al.,

1984). Notably, SPT5 depletion in S. pombe has been observed

to restrict promoter-proximal transcription in protein-coding

genes and at the same time enhances antisense transcription

initiating on either side of Pol II promoters (Shetty et al., 2017).

In contrast, in mammalian cells, SPT5 depletion appears to

restrict promoter proximal transcription equally for both pro-

tein-coding and lncRNA genes (Henriques et al., 2018). This

may suggest differences in the transcriptional role of SPT5 be-

tween yeast and mammals.

The fact that lncRNAs are not in general subjected to co-tran-

scriptional RNA processing (splicing and polyadenylation) led

us to test whether they promote DNA damage through R-loop

formation following their activation by SPT6 depletion. This

appeared especially likely as it has been previously observed

that loss of the splicing factor SRSF1 correlates with increased

R-loop formation in chicken DT40 cells (Li and Manley, 2005).

Also, recent studies confirm that disease-related mutations

of other splicing factors such as SRSF2 and U2AF1 enhance

R-loop formation in mammals (Chen et al., 2018). Furthermore,

the spliceosome was observed to prevent R-loops formation on

intron-containing pre-mRNA genes especially in S. cerevisiae

(Bonnet et al., 2017). Similarly, the low levels of intron splicing

for lncRNA (Schlackow et al., 2017) implies an increased risk

of R-loop formation. Our analysis of R-loop profiles across the

HeLa cell genome does indeed show a selective increase in

their presence over lncRNA TUs. Furthermore, this increase

correlates with increased levels of DNA damage. However,

R-loop-specific RNase H1 overexpression did not suppress

the cellular senescence even though DNA damage was

reduced as predicted from earlier studies (Skourti-Stathaki

and Proudfoot, 2014). The biological importance of R-loops

for senescence remains unclear. However, overexpression of

RNase H1 does not fully remove R-loops in vivo, possibly

because associated factors may restrict access to the enzyme.

Indeed, recent R-loop proteomic analyses show that numerous

proteins bind to R-loop regions (Cristini et al., 2018).

Interestingly, inhibition of DNA replication by APH significantly

suppressed the cellular senescence phenotype. This led us to

consider the possibility that SPT6 depletion causes the exten-
982 Molecular Cell 72, 970–984, December 20, 2018
sive collision of lncRNA transcription with DNA replication (Fig-

ure 7K). Normally, Pol II transcription of lncRNA, such as

eRNA, is restricted to near their TSSs (Lai and Shiekhattar,

2014). However, about 80% of high confidence replication ori-

gins identified in a recent analysis (Macheret and Halazonetis,

2018) map to intergenic regions within 100 kb of lncRNA pro-

moters (Figures 7I and S6F) and nearly half of these origins over-

lap with extended lncRNA (especially eRNA) formed by SPT6

depletion. In effect, SPT6 acts to prevent such collision and so

maintains genome stability. These observations also underline

the requirement that lncRNA TUs and especially eRNA must be

properly restricted to allow normal cell growth.

Exactly how loss of SPT6 enhances H3K36me3 disposition on

lncRNAgenes is also unresolved. It is conceivable that the histone

methyltransferase complex PRC2 known to catalyze the gene

silencing mark H3K27me3 (Margueron and Reinberg, 2011) also

regulates H3K36me3 levels on lncRNA genes. Possibly SPT6

recruits distinct complexes to protein-coding (SETD2) and

lncRNA genes (PRC2). This may imply that Pol II can distinguish

coding or noncoding TUs by their histone methylation status.

H3K27me3 marks and SPT6 appear to be mutually exclusive in

mouse ESCs (Wang et al., 2017). Similarly, our mNuc-seq data

show that genome-wide profiles of H3K27me3 and H3K36me3

are strongly anti-correlated in HeLa cells (Figure S1C). These ob-

servations suggest that SPT6 plays an important role in maintain-

ing H3K36me3 on highly expressed protein-coding genes.

Overall, it is clear that SPT6 acts as a master regulator of Pol II

elongation, favoring productive protein coding over non-produc-

tive and potentially deleterious lncRNA transcription.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT OR RESOURCE SOURCE IDENTIFIER

Reagent

APH Santa Cruz Cat# sc-201535

Tetracycline (Tet) Sigma Cat# 87128

Primers

Random primers Thermo Fisher Cat# 48190011

Drosophila positive control primer set Active motif Cat# 71037

siRNAs

siLuc (custom siRNA) Sigma Sequence (50-30) Sense:
GAUUAUGUCCGGUUAUGUAUU Antisense:

[phos]UACAUAACCGGACAUAAUCUU

siSPT6 (human), SMART pool, ON-TARGETplus Dharmacon (GE) L-010540-00-0010

Antibodies

Mouse monoclonal anti-Pol II CTD, Total MBL international Cat# MABI0601; RRID: AB_2728735

Mouse monoclonal anti-Pol II CTD, phospho Ser2 MBL international Cat# MABI0602; RRID: AB_2747403

Mouse monoclonal anti-Pol II CTD, phospho Ser5 MBL international Cat# MABI0603; RRID: AB_2728736

Rat monoclonal anti-Pol II CTD, phospho Thr4 (6D7) Active Motif Cat# 61361; RRID: AB_2750848

Mouse monoclonal anti-Trimethyl Histone H3 (Lys36) MBL international Cat# MABI0333; RRID: AB_11126731

Mouse monoclonal anti-Trimethyl Histone H3 (Lys27) MBL international Cat# MABI0323; RRID: AB_11123929

Mouse monoclonal anti-Trimethyl Histone H3 (Lys4) MBL international Cat# MABI0304; RRID: AB_11123891

Mouse monoclonal anti-Monomethyl Histone H3 (Lys4) MBL international Cat# MABI0302; RRID: AB_11126551

Mouse monoclonal anti-H3 MBL international Cat# MABI0301; RRID: AB_11142498

Rabbit polyclonal anti-Spt6 Novus Biologicals Cat# NB100-2582; RRID: AB_2196402

Rabbit polyclonal anti-EXOSC3 Novus Biologicals Cat# NBP2-22261; RRID: AB_2750849

Rabbit polyclonal anti- INTS3 Proteintech Cat# 16620-1-AP; RRID: AB_2127274

Rabbit monoclonal anti-p57 Kip2 [EP2515Y] Abcam Cat# ab75974; RRID: AB_1310535

Rabbit monoclonal anti-p21 Waf1/Cip1 (12D1) Cell Signaling Cat# 2947; RRID: AB_823586

Mouse monoclonal anti-phospho Histone H2A.X

Ser139, (JBW301)

Millipore Cat# 05-636; RRID: AB_309864

Mouse monoclonal anti-RNA:DNA hybrids, (S9.6) Proudfoot Lab N/A; RRID: AB_2750851

Mouse monoclonal anti-V5 antibody Thermo Fisher Cat# R960-25; RRID: AB_2556564

Rabbit polyclonal anti-SETD2 antibody Abcam Cat#ab69836; RRID: AB_2185782

Deposited Data

Raw sequencing data This paper GEO: GSE110028

Re-analyzed ChIP-seq data (Stadelmayer et al., 2014) GEO: GSE60586

Re-analyzed Chromatin and Nucleosplasmic RNA-seq (Schlackow et al., 2017) GEO: GSE81662

RDIP-seq data This paper GEO: GSE120371

Re-analyzed EdU-seq data (Macheret and

Halazonetis, 2018)

SRA: PRJNA397123

Raw image data Mendeley https://doi.org/10.17632/gtgh75y4ct.1

Cell Lines

HeLa (human) Proudfoot Lab N/A

U2OS (human) (Pfister et al., 2014) Parental and SETD2 KO cells are available

from Humphrey Lab by request.

V5-RNase H1 overexpressing HeLa (human) this study N/A

(Continued on next page)
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Continued

REAGENT OR RESOURCE SOURCE IDENTIFIER

Gels

Novex 6% TBE gel, 12 well Invitrogen Cat# EC62652BOX

Novex 6% TBE-Urea (TBU) gel, 12 well Invitrogen Cat# EC68652BOX

Kits

Dynabeads mRNA Purification kit Ambion Cat# 61006

Superscript III first strand synthesis system Thermo Fisher Cat# 18080051

SensiMix SYBR Non ROX kit Bioline Cat# QT650

Ribo-Zero Gold rRNA removal kit (H/M/R) Illumina Cat# MRZG12324

Senescence b-gal staining kit Cell Signaling Cat# 9860

Quantitative cellular senescence assay kit (SA- b-gal,

Fluorometric)

Cell Biolabs Cat# CBA-232

NEBNext Ultra II DNA library prep kit for illumina NEB Cat# E7645S

NEBNext Ultra II Directional RNA library prep

kit for illumina

NEB Cat# E7760S

NEBNext small RNA library prep kit for Illumina NEB Cat# E7300S

QuantSeq 30mRNA-Seq library prep kit REV

for Illumina

LEXOGEN Cat# SKU016.24.

Software and Algorithms

Cutadapt(v1.9.1) https://cutadapt.readthedocs.io/en/

stable/installation.html

Tophat(v2.1.0) http://ccb.jhu.edu/software/tophat/index.shtml

Cufflinks(v2.2.0) http://cole-trapnell-lab.github.io/cufflinks/

getting_started/

bedtools (v2.25.0) https://bedtools.readthedocs.io/en/latest/

content/installation.html

Bowtie2 (v2.2.5) http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

SAMtools (v1.6) http://www.htslib.org/

Picard (v1.131) http://broadinstitute.github.io/picard/

Deeptools (v2.5.3) https://deeptools.readthedocs.io/en/latest/index.html

HTseq (v0.6.1) https://htseq.readthedocs.io/en/release_0.9.1/#
PRIMERS FOR (RT-)qPCR
PRIMER’S NAME PRIMER’S SEQUENCES (50-30)

YWHAZ PROMPT_FW GAGTGCTGGCTAATGGGGTA

YWHAZ PROMPT_RV CTGGGAATCCTCTCCATTCA

YWHAZ_pre-mRNA_FW CCCATCAAGTTGCCTCCATA

YWHAZ_pre-mRNA_RV CCAAGGACAATCACGACCTT

CCND1 PROMPT_FW AGCAGCCCTTCTCCCTAGAC

CCND1 PROMPT_RV GGATAAAGGGCCTCTCCTTG

CCND1_pre-mRNA_FW TGAAGAATCCCTGGATGGAG

CCND1_pre-mRNA_RV GCCTGGGGTGAGATACAAGA

NR4A1 eRNA_FW CAGCAATGGGGCCTTGTAGA

NR4A1 eRNA_RV CAAGTTCCAACGGGCAACAG
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to the lead contact, Nicholas Proudfoot (nicholas.

proudfoot@path.ox.ac.uk).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

HeLa and U2OS cells were maintained in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine

serum (FBS).

METHOD DETAILS

siRNA transfection
siRNAs against luciferase and human SPT6 (final concentration 30 nM) were transfected into HeLa cells using Lipofectamine

RNAiMAX reagent (Life technologies) according to the manual and incubated for 12-60 hr.

APH treatment
APH powder (sc-201535) was dissolved in DMSO as stock solution 2mM. After 6 hr siRNA transfection in HeLa cells, DMEM was

replaced with APH (final 2 mM) or DMSO (control, 0.1%) and incubated for 18 hr. The APH treated cells are analyzed by western

blot, qRT-PCR and FACS.

mNET-seq method and library prep
mNET-seq was carried out as previously described (Nojima et al., 2016) with minor changes. In brief, the chromatin fraction was

isolated from 1x107 HeLa cells. Chromatin was digested in 100 mL of MNase (40 units/ mL) reaction buffer for 3-5 min at 37�C in a

thermomixer (1,400 rpm). After addition of 10 mL EGTA (25mM) to inactivate MNase, soluble digested chromatin was collected by

13,000 rpm centrifuge for 5 min. The supernatant was diluted with 400 mL of NET-2 buffer and Pol II antibody-conjugated beads

were added. 10 mg of Pol II antibody was used for Total and T4P CTD mNET-seq experiments. Immunoprecipitation was performed

at 4�C for 1 hr. The beads were washed with 1 mL of NET-2 buffer six times with 100 mL of 1xPNKT (1xPNK buffer and 0.05% Triton

X-100) buffer once in cold room. Washed beads were incubated in 50 mL PNK reaction mix (1xPNKT, 1 mM ATP and 0.05 U/ml T4

PNK 30phosphatase minus (NEB) in Thermomixer (1,400 rpm) at 37�C for 6 min. After the reaction beads were washed with 1 mL of

NET-2 buffer once and RNA was extracted with Trizol reagent. RNA was suspended in urea Dye (7M Urea, 1xTBE, 0.1% BPB and

0.1% XC) and resolved on 6% TBU gel (Invitrogen) at 200 V for 5 min. In order to size select 30-160 nt RNAs, a gel fragment was cut

between BPB and XC dye markers. 0.5 mL tube was prepared with 3-4 small holes made with 25G needle and placed in a 1.5 mL

tube. Gel fragments were placed in the layered tube and broken down by centrifugation at 12,000 rpm for 1min. The small RNAswere

eluted from gel using RNA elution buffer (1 M NaOAc and 1 mM EDTA) at 25�C for 1 hr in Thermomixer (900 rpm). Eluted RNA was

purified with SpinX column (Coster) with 2 glass filters (Millipore) and the flow-through RNA was ethanol precipitated. RNA libraries

were prepared according to manual of NEBNext small RNA library prep kit (NEB). 12�14 cycles of PCR were used to amplify the

library. Deep sequencing (Hiseq4000, Illumina) was conducted by the high throughput genomics team of the Wellcome Trust Centre

for Human Genetics (WTCHG), Oxford.

Chromatin-bound RNA (ChrRNA) and Nucleoplasm RNA (NpRNA)-seq methods and library preparation
Detailed protocols of ChrRNA and NpRNA-seqs are as previously described (Nojima et al., 2015). In brief, chromatin RNA fraction

was prepared from SPT6-depleted HeLa cells (approximately 5x106 cells) according protocol. Prior to RNA library preparations,

rRNA was depleted using Ribo-Zero Glod rRNA removal kit (Illumina) from 5 mg of chromatin and nucleoplasmic RNA. Using

100 ng of RNA, libraries were made according to the NEBNext Ultra II Directional RNA Library Prep kit for Illumina (NEB) manual.

12�14 cycles of PCR were used to amplify the library. Deep sequencing (Hiseq4000, Illumina) was conducted as above.

Mononucleosome DNA (mNuc)-seq method and the library prep
Chromatin fraction was isolated from 8x106 HeLa cells according to ChrRNA-seq protocol (Nojima et al., 2015). The chromatin was

digested in 100 mL of MNase (40 units/ mL) reaction buffer for 3-5 min at 37�C in thermomixer (1,400 rpm). After adding 10 mL of EGTA

(25mM) to inactivate MNase, soluble digested chromatin was collected by 13,000 rpm centrifuge for 5 min. Solublized DNA frag-

ments were purified using phenol/chloroform (pH 7.0) and ethanol precipitation. For input, the DNAs were incubated with

RNase A (0.01 mg/mL, Ambion) at 37�C for 10 min and purified again using phenol/chloroform (pH 7.0) and ethanol precipitation.

For histone marks, the solubilized chromatin fraction was IPed with 10 mg of various histone antibodies at 4�C for 1 hr. The IPed

DNAs were washed with 1 mL NET-2 buffer six times. DNAs were purified as an input preparation and then size selected for

100-200 nt on 6%TBE gel (Invitrogen). Using 100�500 ng of DNA, libraries weremade according to the NEBNext Ultra II DNA Library

Prep Kit for Illumina (NEB) manual. 5�9 cycles of PCR were used to amplify the library. Deep sequencing (Hiseq4000, Illumina) was

conducted as above

Chromatin immunoprecipitation sequencing (ChIP-seq) and library preparation
After �60 hr siRNA transfection in 8x106 HeLa cells (10 mL DMEM), 260 uL of 36.5% formaldehyde was added to medium (10 ml) at

37�C for 10 min with gentle shaking. For inactivation, 1 mL of 1.32 M Glycine was added at 37�C for 10 min. Cells were washed with

cold PBS twice and centrifuged at 1,400 rpm for 5 min to collect cells into 10 mL tube (Nunc). Washed cells were lysed with 300 mL of
Molecular Cell 72, 970–984.e1–e7, December 20, 2018 e3



Cell Lysis buffer (10 mM Tris-HCl pH8.0, 85 mM KCl, 0.5% NP-40 and 1xComplete) and incubated on ice for 10 min. They were then

centrifuged at 2,400 rpm for 5min to remove supernatant (cytoplasm fraction). Nuclear pellets were resuspended in 400 mL of Nuclear

Lysis buffer (25 mMTris-HCl pH8.0, 0.5%SDS, 5mMEDTA and 1xComplete) and incubated on ice for 10min. Next cell suspensions

were sonicated for 20 min (medium power, 30 s on-off repeats). To collect 400 mL of supernatant as a soluble chromatin fraction,

sonicated nuclei were centrifuged at 13,000 rpm for 10 min. Nucleosomes were then diluted 10 times with IP dilution buffer

(10 mM Tris-HCl pH8.0, 5 mM EDTA, 0.5% Triton X-100 and 0.15 M NaCl) and isolated from supernatant by IP with 10 mg of various

antibodies. IPed DNA was washed with 1 mL of buffer A (20 mM Tris-HCl pH 8.0, 2 mM EDTA, 0.05% SDS, 1% Triton X-100 and

0.165 M NaCl) once, 1 mL of buffer B (20 mM Tris-HCl pH8.0, 2 mM EDTA, 0.05% SDS, 1% Triton X-100 and 0.5 M NaCl) once,

1 mL of buffer C (10 mM Tris-HCl pH8.0, 1 mM EDTA, 1% NP-40, 1% Sodium Deoxycholate and 0.25 M LiCl) and then 1 mL of

buffer D (10 mM Tris-HCl pH8.0 and 1 mM EDTA) twice. Next IPed beads were incubated with 0.01 mg/mL RNase A (Ambion) in

300 mL of buffer E (1% SDS, 0.1 M NaHCO3 and 0.5 M NaCl) at 65�C for at least 4 hr. After RNase treatment, 30 mL of 10x Proteinase

K mixture (200 mM Tris-HCl pH 6.5, 150 mM EDTA and Proteinase K 0.3 mg/mL) were added and then incubated 45�C for 2 hr.

The DNA fragments were purified using phenol/chloroform (pH 7.0) and ethanol precipitation. DNA libraries were made according

to NEBNext Ultara II DNA Library Prep Kit for Illumina (NEB) manual. 13�15 cycles of PCR were used to amplify the library. Deep

sequencing (Hiseq4000, Illumina) was conducted as above.

pA+ RNA-seq and 30RNA-seq methods and the library preps
pA+ RNA was isolated from nuclear RNA fraction of SPT6-depeleted HeLa cells as previously described (Schlackow et al., 2017). For

pA+ RNA-seq, libraries were prepared from the pA+ RNA fraction according to NEBNext Ultra II Directional RNA Library Prep kit for

Illumina (NEB) manual. For 30RNA-seq, libraries were prepared from the pA+ RNA fraction according to QuantSeq 30mRNA-Seq

library prep kit REV for Illumina (LEXOGEN) manual. 50�100 ng of pA+ RNAs were used for the library preps. 13�15 cycles of

PCR were used to amplify the library. Hiseq4000 and Hiseq2500 (rapid mode) were used for deep sequencing of pA+ RNA-seq

and 30RNA-seq libraries, respectively.

DIP-qPCR and RDIP-seq
RDIP-seq experiments were modified from previous method (Skourti-Stathaki et al., 2011). Briefly, nuclei isolated from HeLa cells

from an 80% confluent 10 cm2 plate were subjected to nuclear lysis after which nuclear extracts were incubated with 30 mg of

proteinase K (Roche) at 55�C for 3 hr, and genomic DNA was isolated and quantitated. Genomic DNA was pre-treated with

RNase I (Promega) at 10 U per 3ug genomic DNA for 15 min at 37�C before sonication (Bioruptor) to 200-300bp. Fragmented

DNA was incubated overnight with S9.6 antibody. RNA-DNA hybrids were enriched by immuno-magnetic precipitation with

M-280 sheep anti-mouse IgG Dynabeads (Invitrogen). They were then extracted by phenol/chloroform (Sigma) and precipitated in

the presence of glycogen before resuspension in nuclease free water. Here, samples can be removed for DIP-qPCR analysis where

specific primers were tested. For RDIP-seq, samples were then incubated at 90�C for 3 min and quick cooled to 4�C before subject-

ing to DNase I treatment. RNA moiety of the R-loop was then extracted with TRIreagent and precipitated with isopropanol and

glycogen. Libraries were prepared with the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (NEB) according to theman-

ufacturer’s guidelines. Libraries were sequenced on an Illumina NEXTseq 550 with 75 bp single end reads.

Fluorescence activated cell sorting (FACS)
Cell cycle profiles were obtained by adding 10 mM of 5-bromo-20-deoxyuridine (BrdU, Sigma-Aldrich) to HeLa cells 1 hr prior to har-

vesting. Single-cell suspensions were washed with PBS, fixed in ice-cold 70% ethanol and kept overnight at 4�C. For BrdU staining,

cells were incubated in 2N HCl, 0.5% Triton X-100 for 30 min at room temperature followed by a 2 min incubation in 0.1 M sodium

tetraborate buffer, pH 8.0. Cells were then washed with PBS, 1% BSA and incubated with FITC-conjugated anti-BrdU antibody

(BioLegend) in PBS, 1% BSA, 0.5% Tween-20 for 1 hr at room temperature. They were then washed again in PBS and stained

with 0.02 mg/mL propidium iodide (PI) in PBS, 0.1% Triton X-100, 0.2 mg/mL RNase A for 30 min at room temperature. Samples

were acquired on a FACSCalibur flow cytometer (BD Biosciences) and analyzed with FlowJo software (Tree Star).

Quantitative b-galactosidase assay
For b-galatosidase activity measurement, single-cell suspensions of SPT6-depleted HeLa cells from 35 mm dish were stained with

SA-b-GAL substrate according to manufacturer’s instructions (Cell Biolab).

Immunofluorescent staining assay
In brief, HeLa cells were grown on a coverslip in a 6 well plate 24 hr prior to treatment. HeLa cells were treated with indicated siRNAs

for 48 hr. For GFP-RNase H1 overexpression, plasmid transfection were performed at 24 hr post siRNA treatment, followed by in-

cubation for a further 24 hr. HeLa cells were fixed with 4% PFA in PBS. Primary antibody anti-gH2A.X (JBW-301) was used at

1:200 in 3% BSA in PBS for 1 hr at room temperature. Cells were washed thrice with 0.05% Tween20-PBS followed by incubation

with secondary donkey anti-mouse IgG (H+L) conjugated with Alexa Fluor 488 at (1:250) concentration. Z stack images were

collected with a FluoView1000 confocal microscope (Olympus) using a UPLSAPO 60.0X / 1.35 oil objective. Images were analyzed

using ImageJ and prepared using OMERO software. For gH2A.X foci quantification, approximately 10 unique fields of view from
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distinct images, were captured at random. Binary images were thresholded and water shed once with area of each foci was deter-

mined using the ‘Analyze Particles’ feature of ImageJ. Cut-off of particle size was set to (> 200 nm2-infinity) and circularity (0.5-1.10).

The percentage of foci > 200nm2 were scored as positive.

Normalized RT-qPCR with Drosophila cells
In order to normalized RT-PCR signals within different conditions, PBS-washed 0.1 million Drosophila S2 cells were added to

PBS-washed 10million HeLa or U2OS cells. From thesemixed cells, chromatin-bound RNAs were purified (see above). 500 ng chro-

matin-bound RNAswere usedwith superscript III kit and random primers for cDNA synthesis according to themanufactural protocol.

The cDNAs were amplified with indicated primers and Drosophila specific positive primer set for spike-in normalization. SensiMix kit

was used for quantitative real-time PCR (QIAGEN Rotor-gene).

Establishment of V5-RNase H1 overexpressing HeLa cell line
pcDNA5-V5-RNaseH1 was constructed by sub-cloning the RNase H1 ORF from GFP-RNaseH1 vector (Cerritelli et al., 2003) into a

pcDNA5 vector carrying a V5 tag. The pcDNA5-V5-RNaseH1 vector was co-transfected with the Flp-recombinase expression vector

pOG44 into T-Rex HeLa cells. After 150 mg/mL Hygromycin B selection, a clone expressing high level of V5-RNase H1 with 1mg/mL

tetracycline was isolated.

QUANTIFICATION AND STATISTICAL ANALYSIS

mNET-seq and RNA-seq data processing
mNET-seq and RNA-seq (chromatin, nucleoplasmic, cytoplasmic, and nuclear pA+) data were processed as follows: adapters were

trimmed with Cutadapt in paired-end mode with the following parameters: -q 15, 10 –minimum-length 10 -A

GATCGTCGGACTGTAGAACTCTGAAC -a TGGAATTCTCGGGTGCCAAGG. Trimmed reads were mapped to the human hg19

reference sequence with Tophat2 and the parameters –g 1 –r 3000 –no-coverage-search. SAMtools was used to retain only properly

paired and mapped reads (-f 3). For mNET-seq, a custom python script (Nojima et al., 2015) was used to obtain the 30 nucleotide of

the second read and the strandedness of the first read. Strand-specific bam files were generatedwith SAMtools. Library-size normal-

ized bedgraph fileswere createdwith Bedtools (genomecov –bg –scale) and trackhubs in the UCSCbrowser were generatedwith the

UCSC bedGraphToBigWig tool.

mNuc-seq and ChIP-seq data processing
Adapters were trimmedwith Cutadapt in paired-endmodewith the same parameters asmNET-seq. Obtained sequences weremap-

ped to the human hg19 reference genome with Bowtie2. Properly paired and mapped reads were filtered with SAMtools. PCR du-

plicates were removed with Picard MarkDuplicates tool. Library-size normalized bedgraph files were created with Bedtools and

trackhubs in the UCSC browser were generated with the UCSC bedGraphToBigWig tool.

30RNA-seq data processing
Adapters were trimmed with BBduk in paired-end mode with the following parameters: k = 13 ktrim = r useshortkmers = t mink = 5

qtrim = t trimq = 10 minlength = 20 forcetrimleft = 11. Trimmed reads were mapped to the human hg19 reference sequence with

Bowtie2. SAMtools was used to retain only properly paired and mapped reads (-f 3) and for creating strand-specific bam files.

Library-size normalized bedgraph files were created with Bedtools and trackhubs in the UCSC browser were generated with the

UCSC bedGraphToBigWig tool.

RDIP-seq data processing
Raw reads from RNA-DIP (RDIP)-seq were demultiplexed using in-house Perl script. Reads were aligned to reference genome

hg19/GRCh37 using bowtie2.2.5. Uniquely mapped reads with one mismatch in the seed region (-N1 -k1) was allowed. Plus and

minus strand were assigned to mapped reads using SAMtools. RDIP-seq peaks were called using MACS2 algorithm with default

options. For siSPT6, peaks were called by using siLuc as control. Peaks with q-value below 0.05 were retained for further analysis.

Strands were assigned to peaks by intersecting the called peaks to strand specific reads using bedtools.

RDIP signal distribution
Genomewide distribution of RDIP peaks was performed by calculating the expression of RDIP peaks relative to various RefSeq func-

tional categories: exons, introns, upstream, downstream and distal. Upstream and downstream peaks were those that overlapped

with �2kb of TSS and +2kb of TES respectively. Peaks overlapping with regions beyond these were considered as distal.

mNuc-seq correlation heatmap
The mNuc-seq heatmap was computed with Deeptools2 multiBamSummary tool with the following parameters: bins –bs 10000

–distanceBetweenBins 0 –p max –e. The resulting matrix was plotted with Deeptool2 plotCorrelation with the following parame-

ters:–corMethod spearman –skipZeros –colorMap RdYlBu –plotNumbers.
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TU annotation
Gencode V19 annotation, based on the hg19 version of the human genome, was used to extract TUs. All genes were taken from the

most 50 TSS to the most 30 PAS or transcription end site (TES). The set of non-overlapping protein-coding genes was defined as fol-

lowed: non-overlapping annotated feature upstream of downstream of the TSS or PAS, respectively, in a window of 2.5 kb. The TU

must also be longer than 2 kb. Chromatin RNA-seq coverage for this group of genes was then clustered into four groups, based on

the k-mean method, and the three most expressed groups were merged together to create final set of 2,500 non-overlapping protein

coding genes. Intronless protein-coding genes were extracted from the Gencode V19 annotation by keeping the protein-coding

genes containing a single exon and removing the histone genes because of their difference in transcriptional regulation. This results

in a set of 1319 genes. snRNA genes were extracted from the Gencode V19 annotation by keeping all the genes and pseudogenes

annotated as snRNA, resulting in 542 genes. PROMPTs, eRNAs, and mRNAs-mRNAs annotation in HeLa cells were previously clas-

sified (Chen et al., 2016). PROMPT-associated genes were obtained by extracting the nearest protein-coding gene on the opposite

strand of each PROMPT, resulting in 994mRNA-PROMPT pairs. mRNA-lincRNA pairs were extracted from the Gencode V19 data by

keeping only the mRNA (‘‘protein-coding’’ type) and lincRNAs (‘‘lincRNA’’ and ‘‘antisense’’ types) on opposite strands and with their

TSSs separated by less than 3 kb. Out of the 716 mRNA-lincRNA pairs, 594 were kept with at least 10 total Pol II mNET-seq reads in

siLuc or siSPT6 conditions for both mRNA and lincRNAs.

Metagene profiles
FPKM normalized bigwig files were generated for each bam files with Deeptools2 bamCoverage tool (-bs 1 (mNET-seq) or 10 –pmax

–normalizeUsingRPKM –e (for mNuc-seq and ChIP-seq)). Metagene profiles were then generated with Deeptools2 computeMatrix

tool with a bin size of 10 bp and the plotting data obtained with plotProfile –outFileNameData tool. Graphs were then created with

GraphPad Prism 7.02.

Differential expression analysis
For differential expression analysis of nucleoplasmic and nuclear poly(A)+ RNA-seq, the aligned reads were aggregated with htseq-

count and the list of differentially expressed genes obtained with DESeq2, keeping only the genes with a fold change <�2 or > 2 and

an adjusted p value of 0.05. RNA-seq smear plots showing average gene expression (x axis) versus log2 fold change in gene expres-

sion were produced with DEseq2.

Reads quantification
Total read base count for mNET-seq, RNA-seq and 30seq data were computed with samtools bedcov tool using strand-

specific bam files and normalized to 100 million paired-end reads and to the region’s length. For mNuc-seq and ChIP-seq, total

read base count were computed with samtools bedcov, normalized to 100 million paired-end reads, then the Input signal was

subtracted to the IP signal and normalized to the region’s length. Only the regions with a positive signal in at least one sample

were kept. For the samples having a signal % 0 on the remaining regions, their values were put to the minimal value divided by

two. The quantification is thus defined: For mNET-seq RNA-seq, and 30seq: log2(([Region] * normalization factor) / lengthregion).

For mNuc-seq and ChIP-seq: log2((([region]IP * IP normalization factor) - ([region]Input * Input normalization factor)) / lengthregion)

The quantification regions were defined for the different group of genes, except when indicated in the figures: for PROMPT,

TSS to TSS + 3kb; eRNA, TSS �2 kb to TSS + 2kb; lincRNA, TSS to TES; protein-coding genes (jntron-containing and

intronless): TSS to TES; snRNA: TSS to TES. Scatterplots, which represents the reads quantification in siLuc on the x axis and

in siSPT6 on the y axis, and the box and whiskers, which were plotted with the minimal and maximal values, were created with

GraphPad Prism 7.02.

Chromatin retention index
The Chromatin Retention Index (CRI) was computed from chromatin and nucleoplasmic RNA-seq after siSPT6 or siEX3 treatments.

The total read base count across each PROMPT region, defined as TSS to TSS + 5 kb, was computed with samtools bedcov for the

chromatin and nucleoplasmic RNA-seq. After normalization to 100 million paired-end reads and the region length, the chromatin

signal was divided by the nucleoplasmic signal for each PROMPT region. The CRI was then defined as CRI = log2(([TSS, TSS +

5 kb]chromatin counts * normalization factor) / 5000) / (([TSS, TSS + 5 kb]nucleoplasmic counts * normalization factor) / 5000).

Location of DNA replication origin
The 1 kb locations of the annotated replication origin in HeLa cells were taken from previously published paper (Macheret and

Halazonetis, 2018). Out of the 1,336 constitutive replication origins, only the 917 intergenic replication origins were kept. Quantifica-

tion of the mNET-seq/Total CTD signal in siLuc and siSPT6 across the 1 kb window provided a list of 893 constitutive and intergenic

replication origins with a positive signal for Pol II in at least one sample (Table S2). Among these 893 replication origins, 413 have Pol II

signal increased by at least a 2-fold after SPT6 depletion (Table S2).
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Spatial analysis of DNA replication origins
To determine for each intergenic replication origin the closest ncRNA, the location of the 917 intergenic replication origins were

compared to the location of the 994 PROMPTs and of the 32,692 eRNAs annotated in the PrESSTo database, which is part of the

FANTOM5 project.

P values and significance tests
P values were computed by a Wilcoxon rank sum test. Paired Wilcoxon signed rank test was compared. Statistical tests were per-

formed in GraphPad Prism 7.02.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RDIP-seq reported in this paper is GEO: GSE120371. The accession number for all other sequencing

data reported in this paper is GEO: GSE60586. Original images of western blot, gel and immunofluorescent staining assay are avail-

able at Mendeley data https://doi.org/10.17632/gtgh75y4ct.1.
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